Multiple myeloma (MM) is a plasma cell malignancy without effective therapeutics. Thromboxane A 2 (TxA 2 )/TxA 2 receptor (T prostanoid receptor (TP)) modulates the progression of some carcinomas; however, its effects on MM cell proliferation remain unclear. In this study, we evaluated cyclooxygenase (COX) enzymes and downstream prostaglandin profiles in human myeloma cell lines RPMI-8226 and U-266 and analyzed the effects of COX-1/-2 inhibitors SC-560 and NS-398 on MM cell proliferation. Our observations implicate COX-2 as being involved in modulating cell proliferation. We further incubated MM cells with prostaglandin receptor antagonists or agonists and found that only the TP antagonist, SQ29548, suppressed MM cell proliferation. TP silencing and the TP agonist, U46619, further confirmed this finding. Moreover, SQ29548 and TP silencing promoted MM cell G 2 /M phase delay accompanied by reducing cyclin B1/cyclin-dependent kinase-1 (CDK1) mRNA and protein expression. Notably, cyclin B1 overexpression rescued MM cells from G 2 /M arrest. We also found that the TP agonist activated JNK and p38 MAPK phosphorylation, and inhibitors of JNK and p38 MAPK depressed U46619-induced proliferation and cyclin B1/CDK1 protein expression. In addition, SQ29548 and TP silencing led to the MM cell apoptotic rate increasing with improving caspase 3 activity. The knockdown of caspase 3 reversed the apoptotic rate. Taken together, our results suggest that TxA 2 /TP promotes MM cell proliferation by reducing cell delay at G 2 /M phase via elevating p38 MAPK/JNK-mediated cyclin B1/CDK1 expression and hindering cell apoptosis. The TP inhibitor has potential as a novel agent to target kinase cascades for MM therapy.
Multiple myeloma (MM) 3 is a B-cell malignancy characterized by the clonal proliferation of neoplastic plasma cells in the bone marrow (BM). It accounts for 12% of all malignant hematological neoplasms and is the second most frequent hematological malignancy (1) . Recently, despite the improved therapeutic effect of newly approved chemotherapeutics, including thalidomide, lenalidomide, and bortezomib, and stem cell transplantation, MM remains incurable, with only a marginal increase in the 5-year relative survival rate and a high incidence of relapse (2, 3) . Thus, identification of novel therapeutic targets for MM is urgently needed.
Growing evidence demonstrates that thromboxane A 2 (TxA 2 )-related molecules are actively involved in tumor progression (4, 5) . TxA 2 is one of the five primary prostaglandins (PGs) generated from arachidonic acid (AA) through the cyclooxygenases (COX-1 and COX-2) and TxA 2 synthase pathways and exerts its biological activities through the TxA 2 receptor (T prostanoid receptor (TP)) located on the cell surface. TP belongs to the G-protein-coupled receptor superfamily and is expressed as two isoforms in humans, named TP ␣ and TP ␤ (6) . Notably, TxA 2 stimulates proliferation of several types of cells, including oligodendrocytes (7) , smooth muscle cells (8) , and lung cancer cells (9) . For example, dual TxA 2 inhibitors repress NCI-H23 lung adenocarcinoma cell growth by inducing G 2 /M phase arrest and cell apoptosis although the detailed mechanisms are not shown (10) . Consistent with their role in cancer progression, TxA 2 synthase and TP overexpression has been found in many tumor tissues (11) , and their activations stimulate lung cancer cell proliferation via regulating apoptosis or cell cycle progression, whereas the involved signalings are unclear (9) . A recent study by Ding et al. (12) reveals that COX-1 and COX-2 inhibitors efficiently suppress ARH-77 MM cell proliferation, but the authors do not elucidate the mechanism by which this occurs. Thus, the direct involvement of COX/TxA 2 /TP in RPMI-8226 and U-266 MM cell proliferation and the associated signaling pathways have not yet been explored.
The mitogen-activated protein kinase (MAPK) family contains c-Jun N-terminal kinase (JNK), p38 MAPK, and extracellular signal-regulated kinase (ERK). Extensive work has demon-strated critical roles for these pathways in the regulation of various cellular processes, including migration, proliferation, differentiation, development, apoptosis, and cell cycle arrest (13) . Furthermore, MAPK signaling is involved in MM pathogenesis. Baek et al. (14) have reported that cinobufagin exhibits potent anticancer effects in MM, possibly through the reactive oxygen species-mediated activation of ERK, JNK, and p38 MAPK and subsequent activation of caspase 3 in U-266 cells. Moreover, TxA 2 /TP activation has been shown to participate in some physiological processes by activating JNK, p38 MAPK, and ERK1/2 (15) (16) (17) . However, any association between COX/ TxA 2 /TP and MAPK signaling in MM cell proliferation is still elusive.
In this study, we found that COX-2 inhibitor blocked proliferation of RPMI-8226 and U-266 MM cell lines, and the screening of PG receptors showed that the TP antagonist inhibited cell proliferation. TP silencing also impaired proliferation. These effects of COX/TxA 2 /TP were associated with G 2 /M cell cycle arrest and cellular apoptosis induction; therefore, we detected the caspase 3 function and the role of TP-mediated MAPK pathway activation in cyclin B1 and cyclin-dependent kinase-1 (CDK1) expression to further clarify the underlying mechanisms of TP suppression resulting in cellular apoptosis and G 2 /M cell cycle arrest.
Experimental Procedures
Cell Cultures and Drug Preparations-Human MM cell lines RPMI-8226 and U-266 (gifts from Dr. Jian Hou, Second Military Medical University) and human umbilical vein endothelial cells (Cell Resource Center of Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences) were cultured in RPMI 1640 medium (Invitrogen) supplemented with 10% fetal bovine serum (FBS; HyClone), streptomycin (100 mg/ml; Sigma), and penicillin (100 units/ml; Sigma) and maintained at 37°C under a humidified atmosphere containing 5% CO 2 . The cells were seeded into 6-or 96-well plates, stimulated by various drugs for different desired time periods, and then collected for further experimental characterization. The drugs used to stimulate cells were as follows: COX-1 inhibitor, SC-560; COX-2 inhibitor, NS-398; D prostanoid receptor 2 (DP2) antagonist, CAY10471; E prostanoid receptor 2 (EP2) antagonist, AH-6809; EP4 antagonist, L-161,982; TP antagonist, SQ29548; DP1 agonist, BW245C; EP3 agonist, misoprostol; F prostanoid receptor (FP) agonist, latanoprost; I prostanoid receptor (IP) agonist, cicaprost; TP agonist, U46619; ERK inhibitor, PD98059; p38 MAPK inhibitor, SB203580; JNK inhibitor, SP600125; Calpain inhibitor I (LLnL, Sigma); and AA (Cayman).
Isolation of Bone Marrow Mononuclear Cells (BMMCs)-Primary normal BMMCs were isolated from BM samples of people without MM by isodensity centrifugation. Written informed consent was obtained from all subjects prior to their participation in this study. Approval for these studies was obtained from the ethics committee of Shanghai Xuhui District Central Hospital. BM samples were mixed with an equal volume of sterile PBS and gently applied to the surface of 10 ml of Ficoll separation liquid in 50-ml centrifuge tubes, keeping a clear interface. The mixtures were centrifuged at 400 ϫ g at 20°C for 15 min and divided into four parts (top to bottom): plasma layer, milky mononuclear cell layer, separated medium, and erythrocytes. The second layer was collected and added to a 50-ml centrifuge tube with 3-4 volumes of 1ϫ PBS or cell culture medium. The mixtures were centrifuged at 500 ϫ g at 20°C for 20 min, and the obtained cell pellets were washed and centrifuged three times.
Cell Proliferation Assay-Cells were seeded into 96-well plates at the same density and cultured with the various drugs indicated at increasing concentrations for 24, 48, 72, and 96 h. At the end of each culture, the medium was removed and replaced with 100 l of fresh medium and 10 l of Cell Counting Kit-8 (CCK-8) assay kit reagent (Dojindo). Plates were incubated at 37°C for 1.5 h, and then absorbance was measured at 450 nm using a SpectraMax 190 microplate reader (Molecular Devices). The reference wavelength was 600 nm. Background absorbance (from wells without cells) was subtracted from all values.
Cell Cycle Analysis by Flow Cytometry-Cell cycle was detected using the cell cycle assay kit (Rainbio). RPMI-8226 and U-266 cells were seeded into 6-well plates and treated with SQ29548 at the indicated concentration (0, 0.1, 5, and 20 M) for 24 h. The cells were harvested and washed three times with ice-cold PBS. After centrifugation at 800 ϫ g for 5 min and resuspension in 400 l of propidium iodide (PI) dye, 200 l of 0.02% Triton X-100, and 20 l of RNase A, the cells were incubated for 30 min at room temperature in the dark. PI fluorescence was detected using a BD FACSAria flow cytometry system (BD Biosciences) and analyzed with FlowJo version 7.6.1 software (Tree Star). Each assay included at least 10,000 gated events.
Cell Apoptosis Detection-Apoptosis was assessed with an annexin V-FITC/PI apoptosis detection kit (Dojindo) using BD FACSAria flow cytometry. Briefly, RPMI-8226 and U-266 cells were seeded into 12-well plates and incubated with SC-560, NS-398, U46619, and SQ29548 or transfected with TP small interfering RNA (siRNA) for 24 h. Then the cells were harvested and washed once in PBS and once in 1ϫ binding buffer. After resuspension in 1ϫ binding buffer, we added 5 l of annexin V to 100 l of cell suspension, incubated for 15 min at room temperature, washed, and resuspended the cells in 1ϫ binding buffer. After the addition of 5 l of PI dye, cells were analyzed by BD FACSAria flow cytometry. In addition, caspase 3 activity was assayed using a caspase 3 activity assay kit (Beyotime) according to the manufacturer's instructions.
Mitochondria Membrane Potential Analysis-Mitochondria membrane potential (MMP) was detected using the JC-1 mitochondrial membrane potential assay kit (Yeasen). Cells were collected and resuspended with 0.5 ml of medium, incubated with 0.5 ml of JC-1 dye for 20 min, and then detected using BD FACSAria flow cytometry. Intact mitochondrial membrane allows for JC-1 accumulation in the mitochondria, which will emit red fluorescent light when a critical concentration is reached. Conversely, the loss of MMP prevents this accumulation, and JC-1 will remain as a monomer in the cytosol and emit green fluorescence (18) .
RNA Interference and Overexpression-Cells were transiently transfected with 100 pmol COX-1, COX-2, TP receptor, caspase 3, or scrambled siRNA per well in 6-well plates, 40 pmol/well in 12-well plates, or 5 pmol/well in 96-well plates using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's instructions. Three pairs of siRNA-specific sequences for COX-1, COX-2, TP, or caspase 3 mRNA were designed by Shanghai GenePharma Co., Ltd. The most effective sequences are shown in Table 1 . In addition, cells were seeded into 6-well plates and transfected with 4 g of cyclin B1-GFP plasmid (Addgene) or vector per well using Lipofectamine 2000 reagent (Invitrogen). All analyses were performed 24 h post-transfection.
RNA Extraction and Quantitative RT-PCR (qRT-PCR)-
Total RNA was isolated from RPMI-8226 and U-266 cells using TRIzol reagent (Invitrogen) according to the manufacturer's instructions and treated with DNase I (Promega). RNA concentration and purity were assessed using the NanoDrop 2000 (Thermo). RNA (2.0 g) was reverse-transcribed with reverse transcription reagent kits (Takara) and oligo(dT) 18 primers (Takara) as recommended. qRT-PCR was performed using a 
TABLE 1 Primers used in real-time quantitative PCR

Gene name Forward primer sequence (5-3) Reverse primer sequence (5-3)
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JOURNAL OF BIOLOGICAL CHEMISTRY 4781 CFX96 TM real-time system (Bio-Rad) and iQ TM SYBR Green Supermix (Bio-Rad) as described by the manufacturer. Raw data were normalized to the internal control, GAPDH, and presented as relative expression levels calculated by the 2 ⌬⌬Ct method. All primers for detected genes are described in Table 1 .
Western Blotting-Proteins from total cell lysates were separated by 10% SDS-PAGE and transferred electrophoretically onto Immobilon-P polyvinylidene difluoride (PVDF) membranes (Millipore). The membranes were probed with rabbit anti-COX-1 polyclonal antibody (1:1000; Cayman, catalogue no. 160109), rabbit anti-COX-2 polyclonal antibody (1:200; Cayman, catalogue no. 160107), rabbit anti-cyclin B1 monoclonal antibody (1:1000; Cell Signaling Technology, catalogue no. D5C10), rabbit anti-CDK1 monoclonal antibody (1:1000; Abcam, catalogue no. E161), rabbit anti-p38 MAPK monoclonal antibody (1:1000; Cell Signaling Technology, catalogue no. 9212S), rabbit anti-phospho-p38 MAPK (Thr-180/Tyr-182) monoclonal antibody (1:1000; Cell Signaling Technology, catalogue no. 9211S), rabbit anti-SAPK/JNK monoclonal antibody (1:1000; Cell Signaling Technology, catalogue no. 9258P), rabbit anti-phospho-SAPK/JNK monoclonal antibody (1:1000; Cell Signaling Technology, catalogue no. 4668P), rabbit antipro-caspase 3 polyclonal antibody (1:1000; Cell Signaling Technology, catalogue no. 9665S), rabbit anti-cleaved caspase 3 polyclonal antibody (1:1000; Signalway Antibody, catalogue no. 29034), or mouse anti-actin monoclonal antibody (1:5000; Sigma-Aldrich, catalogue no. A5441) followed by either anti-rabbit or anti-mouse IgG secondary antibodies conjugated to horseradish peroxidase (1:4000; Protein Tech Group, Inc.) and detection with the ECL system (Pierce). The relative protein density was quantified by ImageJ version 1.44 (National Institutes of Health).
PG Extraction and Analysis-Myeloma cells were stimulated by 30 M SC-560 and NS-398 for 24 h, after which the medium was changed to the FBS-fresh medium containing 30 M AA for 15 min. The medium was collected for PG production analysis utilizing liquid chromatography/mass spectrometry/mass spectrometry (LC/MS/MS; Agilent) and normalized to total protein. The detailed steps were routinely performed in our laboratory (19) .
Statistical Analysis-The data are expressed as mean Ϯ S.E. Time course, cyclin B1 degradation, cyclin B1 rescue, and caspase 3 knockdown studies were analyzed by two-way analysis of variance, and Student's t test was used for all other statistical analyses (GraphPad Prism version 5.0 software). p Ͻ 0.05 was considered statistically significant.
Results
COX-2 Participated in Regulating RPMI-8226 and U-266
Cell Proliferation-COX-1 and COX-2 are important upstream enzymes in the PG metabolism pathway. Human umbilical vein endothelial cells, which are known to have stable COX-1 and COX-2 expression (20, 21) , were used as positive controls. By comparing with different controls, we observed that both COX-1 and COX-2 were abundantly expressed in RPMI-8226 and U-266 MM cell lines (Fig. 1A ). In addition, we performed cell proliferation assays on RPMI-8226 and U-266 cells with selective COX-1/2 inhibitors SC-560/NS-398, known to repress ARH77 cell growth (12) . As shown in Fig. 1 , B-E, NS-398 suppressed cell proliferation in a dose-dependent manner (p Ͻ 0.05), whereas SC-560 did not show any inhibitory effect. These findings suggest that COX-2 contributes to mediating MM cell proliferation. We next assessed downstream PG profiles and observed significant reduction (p Ͻ 0.05) of prostaglandin D 2 , E 2 , and F 2␣ production in both MM cell lines stimulated by SC-560 and NS-398 ( Fig. 1, F-O) . Interestingly, only NS-398 notably decreased TxB 2 production in RPMI-8226 and U-266 cells by 65 and 60%, respectively (p Ͻ 0.05), but SC-560 failed to influence TxB 2 production ( Fig. 1, J and O) , consistent with COX-2 regulation of cell proliferation.
TP Inhibition Suppressed Proliferation of RPMI-8226 and U-266 Cells-We continued to screen the mRNA levels of downstream PG receptors and found that the mRNA expressions of DP2, EP2, EP4, and TP receptors in RPMI-8226 and U-266 cells were much higher (p Ͻ 0.05) than those in normal BMMCs (Fig. 2, B , D, F, and I), whereas those of DP1, EP3, FP, and IP were markedly decreased (p Ͻ 0.05; Fig. 2 , A, E, G, and H). Then we assessed changes in MM cell proliferation in response to treatments with DP2, EP2, EP4, and TP receptor antagonists as well as DP1, EP3, FP, and IP receptor agonists ( Fig. 3 , A-P) and found that only the TP antagonist, SQ29548, effectively inhibited proliferation in a dose-dependent manner (p Ͻ 0.05; Fig. 3, F and H) . Notably, treatments of MM cells with 20 M SQ29548 at four time points suppressed cell proliferation up to ϳ50% (Fig. 3, F and H) . This suppression was also found in cells transfected with TP siRNA when compared with the scrambled groups (p Ͻ 0.05; Fig. 4, C and D) . In addition, we confirmed the effect of TP on MM cell proliferation using the TP agonist U46619 and observed that TP activation remarkably promoted cell proliferation (p Ͻ 0.05; Fig. 4, E and F) . In particular, treatments of both MM cells with 20 M U46619 at all time points promoted cell proliferation up to ϳ35% (Fig. 4, E  and F) . These findings suggest that TP is implicated in modulating proliferation of RPMI-8226 and U-266 cells.
TP Blockade Resulted in G 2 /M Phase Delay by Depressing Cyclin B1 and CDK1 Expression via the JNK and p38 MAPK Signaling Pathways-Cell cycle progression is required for tumorigenesis; thus, to determine which SQ29548 elicits its growth-inhibitory effect by affecting cell cycle progression, we measured changes in cell cycle progression and the expression of cell cycle-regulating proteins. Flow cytometry analysis showed that exposure to 0.1, 5, and 20 M SQ29548 significantly increased (p Ͻ 0.05) the percentage of RPMI-8226 and U-266 cells in G 2 /M phase in a dose-dependent manner, accompanied by markedly decreasing the percentage in S phase (p Ͻ 0.05; Fig. 5, A and B) . Particularly, treatment of cells with 20 M SQ29548 sharply increased the G 2 /M populations from 16 and 9% (vehicle) to 26 and 20% in RPMI-8226 and U-266 cells, respectively. These observations suggest that TP blockade induces G 2 /M phase delay in both MM cell lines, accounting for the antiproliferative effect of SQ29548. Similarly, TP knockdown also promoted G 2 /M phase arrest in MM cells (p Ͻ 0.05; Fig. 5, C and D) . In addition, the CDK1-cyclin B1 complex is known to be critical for cell entry into mitosis (22) . Thus, we further detected the expression level changes of cyclin B1 and CDK1 after SQ29548 treatment to illuminate the underlying mechanisms of G 2 /M phase delay caused by TP suppression. Our data demonstrate that the mRNA levels of CDK1 and cyclin B1 in both MM cell lines were notably down-regulated (p Ͻ 0.05) after 1 and 20 M SQ29548 exposure (Fig. 6, A-D) . Treatment with 20 M SQ29548 decreased both gene transcript levels in RPMI-8226 and U-266 cells ϳ1.5-2.2-fold relative to the vehicle. Moreover, the protein expression of CDK1 and cyclin B1 was attenuated 0.5-1-fold (p Ͻ 0.05) by 20 M SQ29548 exposure (Fig. 6, E-G) . This indicates that inhibition of CDK1 and cyclin B1 expression is involved in G 2 /M delay in RPMI-8226 and U-266 cells induced by TP suppression. Cyclin B1 is one of the first proteins to be identified as a substrate for ubiquitin-mediated proteolysis (23) . Thus, we were curious whether SQ29548 decreased cyclin B1 protein levels by pro- moting its degradation in MM cells. In our study, LLnL, a calpain inhibitor that also blocks activity of the 26 S proteasome (24) , increased cyclin B1 levels compared with LLnL non-treatment groups but did not reverse the reduction of cyclin B1 protein levels caused by SQ29548 (p Ͻ 0.05; Fig. 6, H-J) . These data suggest that the reduction of cyclin B1 protein induced by SQ29548 results from simultaneously attenuating cyclin B1 mRNA expression and promoting protein degradation in MM cells. In addition, accumulation of G 2 /M cells induced by SQ29548 was completely reversed by exogenous cyclin B1 overexpression (p Ͻ 0.05; Fig. 6K ), further highlighting cyclin B1 as the key molecule in G 2 /M progression delay caused by TP inhibition.
MAPK signaling pathways contribute to modulate proliferation of MM cells (25) . To investigate whether intracellular JNK, p38 MAPK, and ERK signaling pathways were involved in enhanced cell proliferation response to U46619, a series of experiments were performed by using the MAPK subtype inhibitors. The JNK inhibitor, SP600125, and p38 MAPK inhibitor, SB203580, abolished U46619-induced MM cell proliferation (p Ͻ 0.05; Fig. 7, A and B, middle and right) . Incubation of MM cells with U46619 for 96 h elevated cell proliferation ϳ25%, which was reduced 20 -25% after SP600125 and SB203580 treatments (Fig. 7, A and B, middle and right) . However, there was no significant effect of treatment with the ERK inhibitor PD98059 (Fig. 7, A and B, left) . In addition, we investigated the combined effect of SP600125 and SB203580 on U46619-induced MM cell proliferation and observed nearly identical curves between treatment with U46619 plus two antagonists and treatment with two antagonists without U46619 supplementation (Fig. 7, C and D) , suggesting that both JNK and p38 MAPK signaling are critical for mediating MM cell proliferation. Upon further examination of JNK and p38 MAPK phosphorylation, we found that U46619 activated JNK and p38 MAPK phosphorylation, which was almost completely blocked by pretreatment with SP600125 and SB203580, respectively. Furthermore, SP600125 and SB203580 depressed the U46619-induced cyclin B1 and CDK1 protein expression in both MM cell lines (Fig. 7, E and F) . These data suggest that the JNK and p38 MAPK pathways are required in the regulation of cyclin B1/CDK1-mediated G 2 /M cell cycle delay in response to TP suppression.
TP Suppression Induced RPMI-8226 and U-266 Cell Apoptosis by Caspase 3 Activation-To examine whether the anti-tumor activity of the TP antagonist was related to apoptosis, PI (an indicator of late apoptosis) and annexin V-FITC co-staining was performed. The percentage of apoptotic cells was higher in cells treated with SQ29548 (19 -26%) and lower in cells treated with U46619 (1-3%) compared with the vehicles (DMSO, 9 -16%) (p Ͻ 0.05; Fig. 8B ). Caspase 3 activation is a marker of apoptosis; therefore, we examined the caspase 3 activity in two MM cell lines challenged by SQ29548 and U46619 and observed 2.5-and 1.5-fold increases (p Ͻ 0.05; Fig. 8 , E and F) in RPMI-8226 and U-266 cells after SQ29548 treatment, whereas U46619 had the opposite action (p Ͻ 0.05). We also found that NS-398, but not SC-560, induced apoptosis ( Fig. 8A ) and improved caspase 3 activity (Fig. 8, C and D) , in accordance with the proliferation data ( Fig. 1, B-E) . All data suggest that COX-2, but not COX-1, modulates cell proliferation and apoptosis, and TP is involved in regulating MM cells apoptosis through influencing caspase 3 activation. TP silencing data further confirmed that TP knockdown increased cell apoptosis ϳ16 and 19% in two MM cell lines (p Ͻ 0.05; Fig. 9A ) and enhanced caspase 3 activity (p Ͻ 0.05; Fig. 9 , B and C) compared with the scrambled control. Then we studied the effect of caspase 3 silencing on cell apoptosis induced by TP suppression and observed increased caspase 3 activation after SQ29548 treatment, but the activation disappeared when caspase 3 was interfered with siRNA ( Fig. 9D) . Importantly, the increased apoptosis in response to SQ29548 was completely reversed after caspase 3 silencing (p Ͻ 0.05; Fig. 9E ) and further demonstrates the critical role of caspase 3 in the TP inhibition-induced apoptosis. Because this change in caspase 3 activity is usually indicative of mitochondrial dysfunction, we performed JC-1 assays to examine MMP in our cell lines. Notably, we found that TP knockdown increased MMP depolarization ϳ9 and 15% in two MM cell lines (p Ͻ 0.05; Fig. 9F ) compared with the scrambled controls. 
Discussion
MM is an incurable plasma cell malignancy characterized by increased morbidity with age. Current treatments are still relatively inefficient, and identification of new and more effective therapeutic strategies is therefore urgently needed. TxA 2 -related molecules play important roles in tumor progression, such as migration, proliferation, differentiation, development, and apoptosis (4, 5) . However, the functional involvement of COX/TxA 2 /TP in MM cell proliferation has not been clarified.
PGs are important mediators that support the growth of several solid tumors (26, 27) . COX-1 and COX-2 catalyze the conversion of AA into various PGs. Recently, COX-2, but not COX-1, has been reported to be overexpressed in various tumors, such as lung, colon, pancreas, gastric, bladder, head, and neck cancers (28) . Moreover, COX-2 is essential for the survival and proliferation of malignant cells (29) and is frequently expressed in MM (26) . Li et al. (30) have shown that COX-2 siRNA transfection can suppress COX-2 protein expression in RPMI-8226 cells, which leads to growth inhibition and apoptosis independent of Bcl-2. Another study (12) has shown that seven human myeloma cell lines constitutively express COX-1 mRNA, whereas COX-2 levels vary markedly among cell lines and are not detectable in U-266 and RPMI-8226 cells. In the present study, we examined protein level expression of both COX-1 and COX-2 in RPMI-8226 and U-266 cells. The differences of COX expression among these studies may be caused by different detection methods. However, only the COX-2 inhibitor, NS398, and not the COX-1 inhibitor, SC560, suppressed proliferation of two MM cell lines, indicating that COX-2 suppression plays an inhibitive role in MM cell proliferation. These findings were inconsistent with a previous report that both COX-1 and COX-2 inhibitors suppress proliferation of ARH-77 cells, but the supplementary concentrations in that study are higher (100 M) than those in our study (30 M) or the general dosage (10 M) (12) . In addition, TxB 2 production was also decreased by COX-2 inhibitor, but not COX-1 inhibitor, similar to their effects on MM cell proliferation, suggesting that NS398 inhibits TxB 2 synthesis to delay cell proliferation, which is supported by previous findings in lung adenocarcinoma cells (10) .
TxA 2 is produced mainly in platelets, but it can also be synthesized in other types of cells, including monocytes and tumor cells. Accordingly, TP expression is increased in many tumor tissues compared with non-tumor tissues (11) . Moreover, several studies suggest that TP is involved in tumor cell proliferation, migration, and invasion, which are key steps in tumor progression (5) . Our initial screening of PG receptor expression showed that the mRNA levels of DP2, EP2, EP4, and TP in RPMI-8226 and U-266 cells were much higher than those in normal BMMCs, whereas those of DP1, EP3, FP, and IP decreased sharply. We subsequently treated two cell lines with DP2, EP2, EP4, and TP receptor antagonists as well as DP1, EP3, FP, and IP receptor agonists and found that only the TP antagonist, SQ29548, significantly inhibited cell proliferation. We confirmed that TP silencing also suppressed cell proliferation, whereas the TP agonist, U46619, could promote cell proliferation. These results support a positive role for TP in MM cell proliferation, in line with previous studies performed in the lung adenocarcinoma cell lines H-157 and A549 (9, 31) .
Cell cycle checkpoints play important roles in coordination of cell cycle transitions in eukaryotic cells, and abnormal regulation of cell cycle checkpoints frequently occurs in tumor cells (32) . Our analysis showed that TP inhibition caused two MM cells delayed at G 2 /M phase accompanied by lowering CDK1 and cyclin B1 expression, both of which are important regulators for entry into mitosis (22) . CDK1 is the founding member of the CDK family (33) , and it is the only CDK to partner cyclin B, which starts to accumulate in S phase (34) . CDK1-cyclin B1 complexes are also thought to regulate several events during G 2 /M transition (10, 35) . Silence of cyclin B1 inhibits proliferation by arresting cells in G 2 /M phase (36) . In accordance with this report, our findings indicate that accumulation of cells in G 2 /M phase induced by SQ29548 is completely reversed in MM cells overexpressed with cyclin B1. Lv et al. (37) demonstrate that asperolide A induces G 2 /M arrest in human NCI-H460 lung carcinoma cells by activating the Ras/Raf/MEK/ERK signaling and suppressing CDK1 and cyclin B1. Li et al. (9) have revealed that activation of TP stimulates cell proliferation in lung adenocarcinoma cell line H-157 by inducing cyclin D1 expression, which differs from our results, indicating that TP affects different cell proliferation depending on different cell cycle arrest caused by different genes. However, the down-regulation of cyclin B1/CDK1 herein agreed with the previous reports and clarified the underlying mechanisms by which TP blockade caused G 2 /M cell cycle delay to inhibit MM cell proliferation. Moreover, we observed that the decrease in cyclin B1 protein levels caused by SQ29548 was associated with the simultaneous down-regulation of cyclin B1 mRNA and enhanced protein degradation in MM cells, in line with previous data suggesting that the reduction of cyclin B1 by lidamycin in MCF-7 cells occurs through a similar mechanism (24) .
MAPK is implicated in regulating proliferation, survival, and cell death responses of tumor cells, and several studies report the involvement of MAPK in cancer deregulation (32); however, the precise mechanisms of MAPK in cell proliferation and cell cycle progression of MM cells affected by TP activation remain elusive. In our study, JNK inhibitor (SP600125) and p38 MAPK inhibitor (SB203580) abolished U46619-induced MM cell proliferation, and the combined effect of SP600125 and SB203580 on U46619-induced MM cell proliferation was nearly identical to that of two-antagonist treatment without U46619 supplementation. This indicates that both JNK and p38 MAPK signaling play critical roles in mediating MM cell proliferation. We next observed that U46619 activated JNK and p38 MAPK by phosphorylation, which was almost completely blocked by pretreatment with SP600125 and SB203580. In line with our data, Bolla et al. (15) found that activation of p38 MAPK in arteries treated with U46619 exists, and Lei et al. (16) showed that U46619 promotes JNK phosphorylation in the bronchial smooth muscle. In addition, we also found that treatments of MM cells with SP600125 and SB203580 depressed U46619-induced protein expression of cyclin B1 and CDK1. These findings suggest that the JNK and p38 MAPK pathways are required for regulation of cyclin B1/CDK1-mediated G 2 /M cell cycle delay in response to the TP antagonist. Recent studies have shown that JNK activity plays an important role in cell proliferation and tumor progression, and SP600125 is known to induce growth inhibition, endoreduplication, and apoptosis (38 -40) . Hideshima et al. (40) have revealed that SP600125 induces growth inhibition via induction of G 1 or G 2 /M arrest in U266 and MM1S cells, respectively. These observations indirectly supported our opinion that the TP antagonist induced G 2 /M phase delay in two MM cell lines through inhibiting JNK signaling activation. Medicherla et al. (41) have found that a p38 ␣-selective MAPK inhibitor or its structural analog reduces human myeloma cell growth in vivo at early and advanced phases of the disease. However, many other studies have proposed that cell cycle arrest is dependent upon activation of p38 MAPK (42, 43) . Our results proved that the TP antagonist induced G 2 /M phase delay in two MM cell lines through inhibiting p38 MAPK signaling activation. This controversy is also apparent with respect to the role of ERK in cell cycle arrest. For example, several publications have provided evidence that prevention of ERK activation leads to G 2 /M phase arrest in gastric carcinoma AGS cells, human osteoblastic cell line hFOB 1.19, and DU145 human prostate cancer cells (44 -46) , whereas other reports have documented that ERK activation is necessary for causing cell cycle (37, 47, 48) . These contrasting results may arise from cell type-specific differences or from activation of different upstream signaling pathways under different study conditions.
Apoptosis is a morphologically and biochemically distinct form of eukaryotic cell death that occurs under a variety of physiological and pathological conditions. Here, we showed that NS398, SQ29548, and TP silencing induced apoptosis in two MM cell lines, and U46619 protected MM cells from apoptosis. These findings were consistent with previous data from other cell types (7, 49, 50) . Meanwhile, we found that NS398, SQ29548, and TP silencing elevated caspase 3 activity, and, as expected, U46619 decreased caspase 3 activity, in accordance with flow cytometry results. In addition, caspase 3 silencing completely reversed the enhanced apoptosis resulting from SQ29548 treatment and further demonstrates the critical role of caspase 3 in the TP inhibition-induced apoptosis. The MMP detection showed that TP knockdown increased mitochondrial dysfunction, in agreement with the results for caspase 3. Based on these observations, we infer that COX-2 plays a major role in MM cell apoptosis through its downstream receptor. Except for leading to G 2 /M phase delay, the induction of apoptosis also offers help to the TP depression-mediated inhibition of MM cell proliferation.
In summary, COX-2 may be involved in the modulation of cell proliferation and apoptosis through downstream TxA 2 /TP signaling. Our inhibition results indicate that TxA 2 increases MM cell proliferation by enhancing cyclin B1/CDK1 expression and p38 MAPK/JNK activation to decrease cell cycle delay at G 2 /M phase, accompanied by cellular apoptosis reduction. Thus, inhibition of TxA 2 /TP signaling has potential as a novel agent to target kinase cascades for MM therapy.
